In the paper, results of microscopic analyses of the weld metal taken from weld joint of the thick-walled austenitic stainless steel pipeline of the primary circuit of the nuclear power plant WWER-440 are presented. The weld joint has been exposed in the main circulation pipeline approximately 180,000 h at temperatures approaching 300
• C. A sample taken from a top part of the multi-pass weld joint has been analyzed by scanning electron microscopy, energy dispersive X-ray analysis, transmission electron microscopy and high-resolution transmission electron microscopy. The analyzed weld metal exhibited a duplex microstructure consisting of the austenite phase and a semi-continual network of δ-ferrite phase. The mean hardness of the weld metal was 195 HV1. In the weld metal, globular non-metallic inclusions, as well as carbonitride particles of the MX type and chromium based carbide particles of M23C6 type, were identified. At the phase interfaces of δ-ferrite/austenite, the presence of particles of σ-phase placed in the volumes of δ-ferrite network was detected. The presence of σ-phase and M23C6 carbide particles in the top part of the weld can be explained as a consequence of the short-term expositions of the weld metal in the temperature range from about 900 to 600
• C during the multi-pass welding process of the primary circuit of the nuclear power plant. High--resolution transmission electron microscopy analysis of the ferrite phase regions revealed in thin foils the presence of mottled contrast indicating the spinodal decomposition of the δ-ferrite to Cr-rich α -and Fe-rich α-phases. It is supposed that the decomposition of the δ-ferrite phase started during final stages of the multi-pass welding process at thermal expositions around 475
• C and continued during long-term exposition at the operation temperatures of the primary circuit.
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Introduction
Austenitic and duplex stainless steels are used in nuclear power plants (NPP) for primary recirculation piping operating at temperatures around 300
• C. Welded joints of the pipes are considered to be critical load-bearing components. From this point of view, it is important to know and predict their structural state and mechanical properties during long-term service. The weld metals of the high alloyed corrosion resistant steels used in NPP usually exhibit a duplex *Corresponding author: e-mail address: peter.grgac@stuba.sk microstructure consisting of the austenite phase and δ-ferrite phase [1] . Some amount of the δ-ferrite is required in the weld metal to avoid hot cracking during welding [2, 3] . In fully austenitic weld metal, hot cracking may take place due to segregation of impurity elements such as phosphorus and sulphur to the remaining liquid phase resulting in the formation of low melting eutectics.
Stainless steels containing δ-ferrite are sensitive to thermal aging processes. The main consequence of thermal aging in the temperature range of approx-imately 300 and 500
• C is the embrittlement of the steel. The phenomenon of low-temperature thermal aging and its influence on microstructure and material properties has been studied in various types of stainless steels . The primary consequence of the low-temperature thermal aging of ferritic and ferrite containing stainless steels has been associated with the spinodal decomposition of ferritic solid solution into Fe-rich α-and Cr-rich α -phases. This phase separation ferrite → (α+α ) is related to a miscibility gap in the phase diagram of the binary Fe-Cr system. The lattices of both, Fe-rich α and Cr-rich α -phases, are body-centered cubic and both phases are of extremely fine scales. The resulting structure of the spinodal decomposition is three-dimensional interconnected α + α network developed on a nanometer scale [12] .
The decomposition of ferrite phase results in a phenomenon which is also known as "475
• C embrittlement" because the rate of embrittlement of the ferrite is usually highest at this temperature. However, the decomposition of the δ-ferrite phase may occur as well as at temperatures lower than 475
• C during long-term expositions. The embrittlement behavior that has been observed in stainless steels led the researchers to the investigation of the influence of low-temperature thermal aging on stainless steels weld joints [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . The results of the experimental investigations have shown that the low-temperature decomposition of the ferrite → (α + α ) reduces both corrosion resistance and mechanical properties of the corrosion resistant steels and their welds and weld metals. The low-temperature decomposition of ferrite phase leads to an increased hardness and strength but decreases impact toughness and ductility.
It is well established that the corrosion resistant steels undergo various microstructural changes also during the high-temperature expositions depending on the temperature, chemical composition of the steel and exposure time. Precipitation processes occurring in these steels in the high-temperature range above 550
• C result in the development of various intermetallic phases, carbides and nitrides. Therefore, considerable attention has been paid to the precipitation of secondary phases in the corrosion resistant steels with ferrite/austenite duplex microstructure in the conditions of high-temperature isothermal aging [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . Less information is available concerning the formation of secondary phases during the welding and continuous cooling after high-temperature treatment [73] [74] [75] [76] [77] [78] [79] .
A detailed knowledge of the microstructure and nanostructure of the weld metal after long-term thermal exposition in the primary circuit of the NPP is of great interest as the structure and properties of the weld may change during welding and long-term service at operation temperatures. Effects of long-term operation and additional thermal and thermo-strain aging on the microstructure and mechanical properties of NPP WWER-440 pipeline welded joints with austenite/ferrite duplex microstructure of the weld metal were analyzed by Mamaeva et al. [53] . The authors state that after 100,000 h of operation in the primary circuit and additional aging at 450
• C/1500 h δ-ferrite phase of the weld metal decomposed in α-phase and chromium rich α -phase. The authors did not show the microstructure of the weld metal in the nano-scaled range after long-term exposition at the operation temperature of the NPP.
In the present work, a sample taken from the top part of the multi-pass weld joint long-term thermally aged in NPP with the reactor of the WWER--440 type has been microscopically analyzed. This paper is aimed at the microstructure characterization of the weld metal service-exposed in the main coolant pipeline at the temperatures approaching 300
• C during approximately 180,000 h.
Experimental
The long-term service-exposed material was obtained from the main coolant pipeline of the WWER--440 NPP [80] . The sample for microscopic investigation was the part of welded joint taken from the austenitic corrosion-resistant steel pipeline with the inside diameter of 500 mm. The specimen was mechanically cut out from the top of the welded joint. The analyzed region of the weld metal was located approximately 5 mm under the surface of the pipe - Fig. 1 . The mean chemical composition of the weld metal analyzed in this work is given in Table 1 . Microstructural observation of ground, polished and etched sample of the weld metal was carried out using the JEOL JSM 7600F scanning electron microscope (SEM) equipped with an energy-dispersive X-ray (EDX) spectrometer. For the individual secondary phase identification, transmission electron microscopy (TEM) of extraction carbon replicas and thin foils of the weld metal was utilized. The replicas were obtained from mechanically polished and etched surfaces of the sample. The replicas were stripped from the specimen in the solution of CH The hardness of weld metal was measured at room temperature using hardness tester Buehler Indentamet 1105. The sample for hardness measurement was prepared by grinding and mechanical polishing. The mean hardness of the weld metal, determined by averaging values for more than 30 indents, was 195 HV 1. Dimensions of the analyzed sample were relatively small, and therefore it was not possible to analyze other mechanical properties of the weld metal. Figure 2 shows photographs of the polished and etched sample from the top part of the welded joint. On the ground top of the weld, so-called annealing welds [80] made by four runs of the welding electrodes are visible - Fig. 2a . The macrostructure of the analyzed weld metal is documented in Fig. 2b . In this part of the welded joint, the width of the weld metal was approximately 18 mm. Figure 3 documents the microstructure in the middle part of the analyzed weld metal. As it can be seen, the weld metal exhibits mixed cellular/dendritic microstructure of the austenite phase with a semi-continuous network of δ-ferrite phase located at the austenite phase boundaries.
Results
To evaluate chemical composition of the matrix phases in the weld metal, EDX analysis was used. found that the higher content of the ferrite stabilizing elements Cr, Mo, Si and V is localized in the δ-ferrite, the austenite stabilizing elements Ni and Mn are placed predominantly in the austenite. As it follows from this analysis, δ-ferrite phase has two times higher content of the molybdenum than the austenite phase, austenite has approximately two times higher nickel content than δ-ferrite. The element partitioning between δ-ferrite and austenite is consistent with the stabilizing effect of each element on the respective phase. The differences in the content of Mn, Si and V in the δ-ferrite and austenite are relatively small. These chemical compositions of matrix phases, austenite and δ-ferrite, and the differences between them are in agreement with results presented by Chandra et al. [57] after the analysis of the stainless steel 316L weld metal. Figure 4 documents small particles of the secondary phases observed at the austenite/δ-ferrite interfaces. Individual particles of these secondary phases, which will be later identified as σ-phase, were precipitated at the δ-ferrite/austenite interfaces and penetrated into the δ-ferrite phase. In Fig. 5a , individual particles of the σ-phase are documented in detail on thin foil using TEM. An electron diffraction pattern of the σ-phase particle is presented in Fig. 5b . The maximum size of the particles of the σ-phase detected in the weld metal was lower than 1 µm. In addition to the precipitates of σ-phase, particles of M 23 C 6 carbides were identified in the analyzed weld metal. (TEM/SAED, thin foil).
ure 6a from TEM documents the particles of these two secondary phases separated in the carbon replica. In Fig. 6b , the diffraction pattern taken from the carbide M 23 C 6 is shown. Figure 6c documents the diffraction pattern of the σ-phase particle. SEM and TEM analyses of the weld metal also revealed that non-metallic inclusions and small carbonitride MX particles are present in the microstructure. These particles are located mainly in the austenite phase. As an example of these particles from welding process, spherical nonmetallic inclusions and angular MX particles located in the austenite phase interior can be seen in Fig. 7 on thin foil. Mean chemical compositions of the σ-phase and carbide particles identified in the analyzed weld metal are presented in Table 3 . The phases formed in binary Fe-Cr steels and ferrite containing corrosion resistant steels during low-temperature aging are in nanometer scale range. Hence, further investigation of the weld metal was conducted on thin foils by HRTEM. Figure 8a documents micrograph showing at relatively low magnification the precipitate-free δ-ferrite region in the austenite matrix as well as a precipitate-free interface δ-ferrite/austenite. The nanostructure of this δ-ferrite phase is shown in Fig. 8b . This figure documents on thin foil at high magnification the mottled appearance in the δ-ferrite phase. Mottled contrast observed in thin foils on TEM is typical for the presence of spinodal decomposition of the ferrite phase to α + α -phase. However, the contrast mechanism for this modulated structure is not clear, although it has been presumed to be due to differential oxidation of the two phases during the preparation of the TEM thin foils [27] . Field-emission gun TEM has been used to investigate the detailed nano-scaled structure of the ferrite phase in the analyzed weld metal. The HRTEM nano-scaled micrographs of the ferrite phase and corresponding electron diffraction pattern are shown in Fig. 9 . The presence of small "light" and "dark" regions with sizes of about 2-4 nm can be seen in Fig. 9a . Detailed micrograph in Fig. 9b also indicates that there is a coherent interface between the "light" and "dark" phases. An electron diffraction pattern documented on Fig. 9c corresponds to a bcc crystalline structure. The electron spots are overlapped due to the same crystalline structure in the analyzed region and similar lattice parameters of the attended phases.
These specific morphological features of the lowtemperature decomposition δ-ferrite → α + α were observed on thin foils using HRTEM only in the ferrite regions and any such feature has not been noticed in the austenitic phase. This austenite phase free of mottled contrast is in agreement with the results of another TEM observations on thin foils after lowtemperature aging of ferrite/austenite (duplex) corrosion resistant steels [5, 27, 51, 58] . 
Discussion
An interpretation of the reasons of microscopically observed structural features in the analyzed weld metal with two-phase austenite/ferrite matrix should be made very carefully because the thermal history of the weld joint formation is not known. As it follows from the SEM, TEM and HRTEM observations and analyses of the weld metal, two important and significant structural features were identified. The first one is the presence of particles of σ-phase and M 23 C 6 carbides in the austenite/δ-ferrite weld metal. The second one is the nanometer-scaled mottled contrast (Fig. 8b) and nano-scaled heterogeneity (Fig. 9a) in the δ-ferrite phase observed on thin foils using two types of HRTEM.
As it can be seen from Figs. 1 and 2 , the analyzed part of the weld metal was located in the top part of the multi-pass welded joint. In the case of the multi-pass welding, each subsequent weld cycle thermally affects a part of previous weld metal. The only hypothetical definition of the time-temperature conditions for documented structural features in the weld metal is possible as the thermal conditions by the weld joint formation are unknown. We only know that over the analyzed volume of the weld metal, further 4 weld beads were created, as it is presented in a photograph of the weld joint in Fig. 2a and schematically showed by the sketch of the weld in Fig. 10 . Microscopically analyzed zone of the weld metal is in Fig. 10 marked with an arrow and number 1; next weld beads are marked by numbers from 2 to 5. As it is clear from the macrostructure of weld in Fig. 2a and the scheme of weld in Fig. 10 , macroscopically distinguishable volumes of the weld metal were developed in the sequence from 1 to 5. It means that the analyzed zone of weld metal marked by an arrow in Fig. 10 was four times thermally affected by the formation of upper weld beads. The presence of the intermetallic σ-phase particles and M 23 C 6 carbides in the analyzed part of the weld metal indicates that these secondary particles were created during high temperature expositions of the weld bead No.1 in the process of the multi-pass welding. σ-phase in the corrosion resistant steels is an intermetallic phase on the ferrous base with relatively high content Cr, containing other alloying elements, present in the steel [66, 73, 76] . This intermetallic phase is usually formed in the temperature range between 600 and 950
• C. It is well known that in the duplex corrosion resistant steels the σ-phase preferentially nucleates at the ferrite/austenite interfaces [66, 68] and grows towards the ferrite. In the isothermal conditions the σ-phase has C-curve formation kinetics [67] with a minimum incubation time of several minutes at the temperatures from 850 to 900
• C [61, 70] . σ-phase formation takes place by consumption of chromium and other alloying elements present in the δ-ferrite with very little or no contribution of these elements from adjacent austenite.
Precipitation of the M 23 C 6 carbides in the corrosion resistant steels generally occurs at temperatures higher than 550
• C. Its formation has been widely observed upon isothermal expositions above this temperature. The kinetics of the M 23 C 6 carbide formation depends mainly on the chemical composition of the steel and the thermal conditions of expositions (isothermal exposition during service or continuous cooling from high temperatures after solution annealing, forming or welding). For purposes of the explanation of the occurrence of M 23 C 6 carbide particles identified in the analyzed weld metal, data about formation kinetics of this carbide phase are necessary. Kwang Min Lee et al. [62] observed particles of the M 23 C 6 carbides in the SAF 2205 duplex stainless steel after short-term annealing for 15 min at the temperature of 800
• C. Recently, the initial stage and growth mechanism of M 23 C 6 carbides in the solution treated austenitic stainless steel 304L have been investigated using in situ annealing experiment [81] . In situ observations were carried out by TEM with a specially designed heating holder. First M 23 C 6 carbide particle was observed after 1-minute exposition at the temperature 650
From presented results concerning the thermal conditions and kinetics of formation of the σ-phase particles and M 23 C 6 carbides in corrosion resistant steels, it can be supposed that these two secondary phases identified in the analyzed part of the weld metal were developed during multi-pass welding at substantially higher temperatures (between about 900 and 600
• C) than are the operation temperatures in the primary piping of the NPP WWER-440.
However, the question arises, how it is possible that in the same volume of weld metal, in which occurs high-temperature secondary σ-phase and M 23 C 6 carbides, the morphological features of low-temperature decomposition of δ-ferrite are found, as mottled contrast and nano-heterogeneity, as presented in Figs. 8b and 9a, respectively. A simple explanation would consist of finding that nano-heterogeneity in ferritic phase of the weld metal was created during long-term operation of a nuclear power plant at temperatures around 300
• C. The following analysis suggests that nano--heterogeneity observed in the net of δ-ferrite phase in the weld metal is likely began to form at the end of the welding process of nuclear power plant primary circuit piping segments.
It is generally accepted that the thermal exposition of ferritic and ferrite containing stainless steels over 300
• C and below roughly about 500
• C may cause decomposition of the ferritic phase to Cr-rich α + Fe-rich α-phase. Considering the HRTEM observations of another studies on thin foils [5, 27, 30, 35] and our results it can be assumed that mottled image (Fig. 8b) and heterogeneity of the nanometric range observed in the δ-ferrite regions of the analyzed weld metal (Fig. 9a) are associated with the redistribution of chromium and other alloying elements due to low-temperature decomposition of the ferrite phase to α + α phase.
There are several results from isothermal experiments, indirectly indicating the kinetic of the ferrite decomposition in a critical temperature range near 475
• C where the decomposition of ferrite phase to the α + α -phases runs most rapidly. Shariq et al. [59] using atom probe field ion microscopy have shown that phase separation in the ferrite phase of super duplex stainless steels weld metal was significant already after 1 h of aging at temperature 450 Kinetic dependences for decomposition of δ-ferrite phase in stainless steels to α + α phases by continual cooling are unavailable. However, it has been shown that the quenching rates after solution treatment at high temperatures above 1000
• C may be important for the phase separation in the ferrite containing stainless steels [41, 42] . Recently, it has been shown that there is clustering of chromium atoms in the ferritic phase of ferritic and duplex corrosion resistant steels already after solution treatment and water quenching [48] . Virtual experiments of these authors show that the initial structure of the ferrite phase after solution treatment and quenching has a large effect on the subsequent phase separation during low-temperature aging.
From the size and position of weld beads in Fig. 2 From the presented literature data and localization, shape and size of the weld beads in the analyzed sample from the weld joint it can be supposed that the decomposition of δ-ferrite phase in the analyzed region of the weld metal could start by the multipass-welding and cooling from the welding temperatures. We assume that structural changes on the nanoscale range in the ferritic phase documented in Figs. 8b and 9a probably started at temperatures below 500
• C during final stage formation of the weld joint, mainly during formation of the last weld beads No. 4 and No. 5. We can suppose that after welding of the primary pipeline of the NPP decomposition of the ferrite phase continued during the long-term service exposition at the temperatures approaching 300
• C and resulted in decomposed nanostructures documented in Figs. 8b, 9a and 9b.
The low-temperature decomposition of ferrite phase in corrosion resistant steels can occur by either spinodal decomposition or by nucleation and growth. The transformation mechanism is affected by the chemical composition of the steel and temperature of the exposition. It was found that cold-deformation of duplex stainless steel can change the nature of the ferrite → (α + α )-phase separation from nucleation and growth to spinodal decomposition [5] . Moreover, during low-temperature aging could be active a combination of decomposition mechanisms with both spinodal decomposition and nucleation and growth [30] . From the present work, it is not possible unambiguously to determine the mechanism of the ferrite phase decomposition. As already mentioned, the analyzed zone of weld metal was affected several times during the welding procedure, but the values of temperature and holding time at the elevated temperatures are unknown.
It is also well known that in weld metals after welding procedure remain the residual mechanical stresses. The size, orientation and distribution of mechanical stresses in analyzed weld metal are unknown, too. Several papers showed that mechanical stresses in corrosion-resistant alloys based on the binary system Fe-Cr alter the kinetics of low-temperature decomposition of δ-ferrite and affect the morphology of decomposition products [44, 47, 60] . Based on these facts and our experimental findings can be clearly identified neither the mechanism of δ-ferrite decomposition in analyzed weld metal nor the quality of generated nano-products of decomposition.
Considering the results of other studies [5, 27, 30, 35] , it can be assumed that mottled image observed in the δ-ferrite documented in Fig. 8b is associated with the redistribution of Fe, Cr and other alloying elements due to decomposition of the ferrite phase to α + α -phase. On the basis of the interconnected morphology of the nano-scaled phases documented in Fig. 8b we assume that decomposition of the δ-ferrite phase in this part of weld metal took place mainly via spinodal decomposition.
Summary and conclusions
In the paper, results of microscopic analyses of the sample taken from the weld joint in the primary circuit of the nuclear power plant WWER-440 are presented. Investigated sample of the weld metal was located in the upper part of the multi-pass weld joint exposed approximately 180,000 h at temperatures approaching 300
• C. Analyzed weld metal exhibited mixed cellular/ dendritic microstructure of the austenite phase with a semi-continuous network of δ-ferrite phase localized at the austenite boundaries. In the weld metal, globular non-metallic inclusions, as well as carbonitride particles of the MX type and particles of M 23 C 6 carbides were identified. At the phase interfaces of δ-ferrite/austenite, the presence of σ-phase particles was detected. The presence of σ-phase and M 23 C 6 carbide particles in the top part of the weld metal can be explained as a consequence of the short-term high--temperature expositions of the analyzed region of the weld metal in the temperature range from about 900 to 600
• C during the multi-pass welding process. HRTEM analysis of ferrite phase regions of the weld metal revealed in thin foils the presence of mottled contrast indicating the spinodal decomposition of the δ-ferrite phase to Fe-rich α + Cr-rich α -phases. It is supposed that the decomposition of δ-ferrite phase could start by the final stage of the multi-pass welding process at temperatures around 475
• C and then continued during the long-term operation exposition of the primary pipeline of the NPP at the temperatures approaching 300
• C. It should be emphasized that presented results are characteristic only for very limited volume in the upper part of the weld. For a better understanding of the influence of thermal cycles during multi-pass welding and long-term exposition of the weld joint in the primary circuit of the NPP on the microstructure of the weld metal matrix and nanostructure of the δ-ferrite phase, additional studies are required.
